Keywords: flavonoids/heat shock proteins/human cancer cell lines ABSTRACT. Cells exposed to several forms of stress, such as heat shock, transiently synthesize a group of proteins called heat shock proteins (hsps). Although many stressors other than heat shock are known to induce hsps, inhibitors of hsp expression have never been reported. Here we show that quercetiri and several other flavonoids inhibit the synthesis of hsps induced by heat shock in two human cell lines, Hela cells and COLO320 DMcells. Quercetin inhibited the induction of hsp70 at the level of mRNAaccumulation. This is the first report to describe the inhibition of hsp expression by reagents.
and the important roles of hsps have been clarified, not only in stressed cells but also in cells under normal growth conditions. For example, somemembersof the hsp70 family are reportedly involved in protein translocation into the mitochondria and endoplasmic reticulum (ER) (6, 7), and mitochondrial hsp60 in yeast is shown to be essential for protein assembly (4, 31).
Grp78 is well known to bind to immunoglobulin heavy chains and prevent their aggregation in the ER (23). Hsp90 binds to glucocorticoid receptors or pp60src to regulate their activity and translocation through interaction with the cytoskeleton (30, 33) . The induction of hsps is observed under various adverse circumstances other than heat shock, such as hypoxia, glucose starvation, and the addition of sodium arsenite, heavy metals or amino acid analogues, but materials which specifically inhibit the induction of hsps have never been reported. Quercetin is a bioflavonoid, which is distributed
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widely in plants including many kinds of fruits and vegetables (15). Although it is known to have mutagenicity (3) and genotoxicity (20), it lacks carcinogenicity in vivo (2). A number of biological effects of quercetin
have been reported; the inhibition of cultured cell growth (12, 36) , inhibitory effects on glycolysis (36), macromolecule synthesis (10), activity of protein kinases (ll), and ATPases (13). Other flavonoids also have similar activities to different degrees. Quercetin is reported to be a hyperthermic sensitizer in HeLacells (12).
Here we report that quercetin and several other flavonoids inhibit the synthesis of hsps including hsp90, hsp70s, hsp47 and hsp28 induced by heat shock, sodium arsenite, and L-azetidine 2-carboxylic acid (Azc) in two human cell lines, namely HeLa cells and COLO320DMcells derived from a human colon cancer (34) .
MATERIALS AND METHODS

Materials.
Quercetin and rutin were purchased from Nacalai Tesque (Kyoto, Japan), and kaempferol was obtained from Sigma. Genistain, flavone and luteolin were from Extrasynthese (Genay, France). These flavonoids were dissolved in dimethyl sulfoxide (DMSO), purchased from Nacalai Tesque, and stored at a concentration of 20-120mM. Sodium arsenite and Azc were obtained from Nacalai Tesque, leupeptin and pepstatin were from Peptide Institute (Osaka, Japan). The final concentration of each flavonoid added to the medium was determined so that the cell number did not increase in the presence of the drug during three day's incubation.
To examine the effect of quercetin on the induction of hsps by sodiumarsenite, cells were exposed to sodiumarsenite at a final concentration of 50juM for 1 h, recovered for 2 h without sodium arsenite, then labeled with [35S]methionine for 1 h. Quercetin or vehicle (DMSO)was present in the medium from 6 h prior to the treatment of sodium arsenite to the end of the recovery period. In the case of Azc, cells were incubated with 5 mM(HeLa cells) or 10 mM(COLO320 DMcells) of Azc for 12 h before labeling with radioactive methionine. Quercetin or vehicle waspresent in the medium simultaneously with Azc. Preparation of Cell Lysates. After metabolic labeling, cells were washed twice with PBS, and lysed in buffer containing 1% Nonidet P-40, 0.15 mMNaCl, 50mM Tris-HCl (pH 8.0), 5 mMEDTA and protease inhibitors (2mM phenylmethylsulfonyl fluoride, 2 mMN-ethylmaleimide, 1 //g/ml pepstatin and 1 jug/m\ leupeptin) (14). The supernatant centrifuged at 12,000xg for 20 min was analysed.
Gel Electrophoresis. Cell extracts containing equal amounts of trichloroacetic acid (TCA)-insoluble radioactivity were analyzed by one-dimensional sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) according to Immunoprecipitation of HeLa and COLO320 DMcells using specific antibodies. Cells treated with or without heat shock in the presence or absence of quercetin were labeled with [35S]methionine, and the preparation of cell extract and the immunoprecipitation were performed as described under materials and methods. The specific antibodies used were anti-hsp90, anti-hsp70, anti-hsp47, and anti-hsp28. HeLa and COLO320DMcells were heat-shocked at 43°C for 1 and 1.5 h, respectively, and recovered at 37°C for 2 h. Quercetin was added 6 h before heat shock to a final concentration of 50juM and 100juM for HeLa and COLO320DMcells, respectively. the methods of Laemmli (16), or two-dimensional gel electro-' phoresis (first dimension was a non-equilibrium pH gradient gel electrophoresis and the second was 10% SDS-PAGE)(28).
The molecular weight markers used for the one-dimensional SDS-PAGEwere purchased from Pharmacia LKB(phosphorylase b, 94 kDa; albumin, 67 kDa; ovalbumin, 43 kDa; carbonic anhydrase, 30 kDa; trypsin inhibitor, 20 kDa; a-lactalbumin, 14.4 kDa), and pre-stained molecular weight markers for two-dimensional gel electrophoresis were obtained from BIORAD(phosphorylase b, 130 kDa; bovine serum albumin, 75 kDa; ovalbumin, 50 kDa; carbonic anhydrase, 39 kDa; soybean trypsin inhibitor, 27 kDa; lysozyme, 17 kDa).
Immunoprecipitation. Cell lysates containing equal amounts of TCA-insoluble radioactivity were incubated for 30min at 4°C with each sepcific antibody or preimmune serum. Antigen-antibody complexes adsorbed to Protein ASepharose were eluted by boiling in Laemmli's electrophoresis sample buffer, and analysed by 10% SDS-PAGE (24). Protein G-Sepharosewas used to precipitate the immunocomplex of hsp47 with rat monoclonal antibody against hsp47. Northern BlotAnalysis. On day 2 of inoculation, approximately 5 x 106 cells per 10 cm-diameter dish were incubated with or without quercetin, and heat treated as described above. Equal amounts of total RNAisolated by the quanidium/cesium chloride method (5) were electrophoresed in formaldehyde-containing agarose gels, transferred to a nylon membrane, and hybridized with [a-32P]dCTP-labeled probes for hsp70 or /3-actin, as an internal control.
RESULTS
Inhibition of hsp synthesis by quercetin, analysed by two-dimensional gel electrophoresis or by immunoprecipitation.
COLO320DMcells were labeled with [35S]-methionine for 1 h, and protein synthesis analyzed by two-dimensional gel electrophoresis as described in materials and methods. Figure 1 shows the profiles of cellular proteins synthesized in COLO320 DMcells with or without heat shock treatment. As reported in human cells (37), two members of the hsp70 family, hsc70 (p72) and hsp70, were synthesized constitutively at the normal temperature (Fig. la) . Quercetiri slightly inhibited this constitutive synthesis of both hsc70 and hsp70 (Fig. lb) . Whencells were heat shocked, major hsps, such as hspl 10, hsp90, and hsp70 were drastically induced (Fig.  lc) . Hsp47, which we previously reported as being a collagen-binding transformation-sensitive hsp (25, 26, 27) , and a novel basal hsp, the molecular size of which is 40,000 daltons (29), were also induced (Fig. lc) . Adding 100/^M quercetin to the cells specifically inhibited the 1 2 3 4 5 6 7 8 91011 hsc70 hsp70 Fig. 3 . Dose-dependent inhibition of hsp70 synthesis by quercetin (lanes 2-5) and the effect of the period of quercetin treatment on the hsp70 induction (lane 6-8) in COLO320DMcells. Lane 1, without heat treatment; lanes 2-8, with heat treatment. Lanes 1 and 2, vehicle (0.25% DMSO); lane 3, 30^M quercetin; lane 4, 60 juM quercetin; lanes 5-8, 100 juM quercetin. Periods of quercetin treatment were: lanes 3-5, before (6 h) and during (1.5 h) heat shock, and during the recovery period after heat shock (2 h); lane 6, pretreatment only; lane 7, only during the heat shock; and lane 8, only during the 2 h recovery period after heat shock. Lanes 9-ll were the same samples as lanes 1-3, precipitated with preimmune serum. Heat shock, metabolic labeling, cell preparation, and immunoprecipitation using anti-hsp70 antibody were performed as described in materials and methods. To examine the period of quercetin treatment, cells were washed twice with 2 ml of PBSto remove quercetin.
expression of all these hsps (shown by arrowheads in Fig. Id) , while the synthesis of other proteins remained essentially the same. Similar results were obtained using HeLa cells (data not shown).
The specific inhibition of the synthesis of three hsps, including hsp90, hsp70s (hsc70 and hsp70), and hsp47, by quercetin was confirmed in HeLacells as well as in COLO320DMcells by immunoprecipitation with specific antibodies. As mammalianhsp28 lacks methionine (38), HeLa cells were labeled with [3H]leucine for the imrfiunoprecipitation of hsp28 with the anti-hsp28 antibody. The synthesis of hsp70 and hsc70 at the normal temperature was slightly inhibited by quercetin, whereas that of hsp90, hsp47, and hsp28 was hardly affected (Fig. 2, lane 2) . When the cells were treated at 43°C for 1 h (HeLa cells) or for 1.5h (COLO320 DM cells), the induction of all four hsps was clearly ob- served (Fig. 2, lane 3) . In the presence of quercetin, the induction of these hsps wasinhibited to the level without heat shock (Fig. 2, lane 4) . Partial inhibition of hsp70synthesis wasobservedin HeLacells. Preimmune serumdid not precipitate any detectable band correspondingto that of each antigen (data not shown,see Fig. 3 , lanes 9-ll for non-specific bands precipitated by preimmune rabbit serum).
Doseresponseand the effect of the period of quercetin treatment. Theinhibition of hsp70 induction was examinedat three different quercetin concentrations (30, 60 and 100 //M), and dose-dependent inhibition of hsp70 synthesis was observed by immunoprecipitation using anti-hsp70 antibody (Fig. 3, lanes 2-5) . In the aboveexperiments,quercetin waspresent from6 h before heat shockto the end of the recoveryperiod. We then examinedthe effect of the period of quercetin treatmenton the inhibition of hsp70synthesis. Whenquercetin was present only during heat stress, inhibition was at a similar level to that whenit waspresent throughout the entire period (Fig. 3 , compare lane 7 to lane 5).
Treatmentof cells with quercetin only before or only after heat shock caused weakerinhibition of hsp70syn-thesis (Fig. 3, lanes 6 and 8) . The observation that pretreatment with quercetin caused a weakereffect on hsp70inhibition suggests that the effect is reversible and not due to a toxic effect on the cells. Inhibition of hsp synthesis induced by sodium arsenite orAzcThe synthesis of hsp70 induced by exposing HeLaor COLO320 DMcells to sodium arsenite wasalso inhibited by quercetin treatment for 6 h before sodiumarsenite wasadded(data not shown). When treated with Azcfor 12h, the synthesis of hspllO, hsp90, hsp70, hsp47 and grp78 was induced in HeLa cells (Fig. 4, lane 2) . Again, the induction of these hsps was inhibited by the presence of 50 juM quercetin in the mediumsimultaneously (Fig. 4, lane 3) . Although the response of COLO320 DMcells to Azcwas weak, the induction of hsps wasstill inhibited by quercetin treatment (data not shown). Flavone, kaempferol and genistein inhibited the induction of hsp70, hsp1 10 and hsp40 almost to the same level as that without heat treatment, while luteolin inhibited the induction of hsp70 only slightly, and rutin hardly affected the induction of hsps.
The electrophoretic patterns of cell lysates treated with these flavonoids was almost the same as that of control cells (Fig. 5-B) . When cells were heat-shocked, the induction of hspllO, hsp90, hsp70, p72, hsp47 and hsp40 was easily detected on SDS-PAGEslab gels. In the presence of flavone, kaempferol or genistein, the induction of hsp70, hspllO and hsp40 was inhibited nearly to the level of that without heat shock. As for the Heat Quercetin Recovery
(3-actin m à"*à"ftà" Fig. 6 . Northern blot analysis of hsp70 mRNA. Cells were treated with or without heat shock in the presence or absence of quercetin. In the case of heat shock, total RNAwas extracted immediately afterwards, or after the 2 h recovery period.
induction of hsp90 synthesis, kaempferol inhibited it as strongly as quercetin, while flavone and genistein inhibited it slightly weaker (Fig. 5-B-a, b, c) . Luteolin caused a weak inhibition of hsp70 induction, and a moderate inhibition of other hsps (Fig. 5-B-d) . Rutin hardly influenced the induction of all these hsps (Fig. 5- 
B-d). The synthesis of other proteins was virtually
unaffected by these flavonoids. Northern blot analysis. By Northern blot analysis, the effects of quercetin on the levels of hsp70 mRNA of COLO320 DMcells were examined by parallel analysis of /3-actin mRNAas an internal control (Fig. 6 ). The level of hsp70 mRNA was markedly reduced by quercetin both immediately after heat-shock and after a 2 h recovery period. The low level of hsp70 mRNAat normal temperature was also reduced to an undetectable level, while /3-actin mRNA remained virtually unchanged under all the conditions examined.
DISCUSSION
Although various stresses are known to induce the synthesis of hsps, such as heat, heavy metals, arsenite, hypoxia, ethanol, and amino acid analogues (19), a specific inhibitor of hsp synthesis has not been reported. Deuterium oxide and glycerol were reported to inhibit the synthesis of some hsps (8). However, inhibition by these reagents was thought to be due to the indirect effects caused by protecting thermolabile proteins of the cells from denaturation. Our results are thus the first report of a specific inhibition of hsp synthesis, the regulation of which is at the level of mRNAaccumulation.
Quercetin has various biological activities as described in the introduction. Kaempferol is a flavonol, which is also widely distributed in plants, and has similar biological effect to quercetin. Genistein is known to be a specific inhibitor of tyrosine-specific protein kinases, while flavone has low activity (1). Quercetin and kaempferol also inhibit tyrosine kinases as strongly as genistein, while quercetin inhibits other kinase activities at the same time (9, ll). Luteolin has a stronger effect on growth inhibition of cultured cells than that of quercetin (22), and many of the biological activities of flavonoids are weakened in glycosilated compounds. Although structure-activity relationships have been reported in various biochemical and pharmacological activities of flavonoids, the inhibitory activity of hsp induction by several flavonoids shows no deducible correlation, and it seems difficult to relate this activity to a known mechanism.
Quercetin has been reported to act not only on cell membranes but also on a specific nuclear site, whichis seen in the case of its interaction with estrogen type II binding sites (21). For the induction of hsps, conserved sequence known as heat shock elements (HSEs) in the promotor region and transacting heat shock factors (HSFs) are involved (19, 32, 39 
